Hematopoietic stem cells (HSCs) continuously replenish all classes of blood cells through a series of lineage restriction steps that results in the progressive loss of differentiation potential to other cell lineages. This review focuses on the recent advances in understanding one of the earliest differentiation steps in HSC maturation, which involves the diversification of the lymphoid and myeloid cell lineages, the two major branches of hematopoietic cells. We discuss progress in the identification and characterization of progenitor populations downstream of HSCs, which has been a key to understanding the sequential biological events that take place along the course of differentiation into a certain hematopoietic cell type. We also discuss the importance of bone marrow microenvironment in lymphoid and myeloid lineage choice.
alternative cell lineages (11) . In response to the earliest differentiation signals, HSCs gradually lose their self-renewal ability (1) . Self-renewal is the ability to proliferate while fully maintaining the differentiation potential of the parental cells, which is one of the unique features possessed by all types of stem cells. This self-renewal ability subdivides the steady state HSC pool into two populations: long-term (LT) and short-term (ST) HSCs (12) (13) (14) (15) . LT-HSCs have life-long self-renewal ability and contribute to long-term multilineage reconstitution of irradiated hosts upon transplantation. In contrast, ST-HSCs have limited self-renewal ability and can only support reconstitution of the hematopoietic system for about 6 weeks (12, 14, 16) . ST-HSCs give rise to multipotent progenitors (MPPs) (13) . MPPs can support the generation of all mature blood cells types but maintain no obvious self-renewal capacity, and as a consequence, MPPs can only support hematopoiesis transiently (12, 14) . Furthermore, it has been demonstrated that these aforementioned progenitor populations form a sequential developmental lineage where LT-HSCs → STHSCs → MPPs (11, 13) . All of these cells are included in the c-Kit hi Lineage − Sca-1 + (KLS) bone marrow fraction (11, 14) . The lack of self-renewal activity along with their ability to give rise to lineage-restricted oligopotent progenitors has led to the speculation that the first step of lineage restriction occurs in MPPs during blood cell development.
Diversification of lymphoid and myeloid lineages
Subsequent studies in fetal hematopoiesis suggested that the divergence of the lymphoid and myeloid lineages might not be as simplistic as previously thought. Although the fetal counterpart of adult CMPs has been identified (17) , the existence of lymphoid committed progenitors has yet to be demonstrated in fetal liver. Cells with the phenotype of adult CLPs are present in the fetal liver; however, these cells can give rise to macrophages in addition to T and B cells (18) . While no T/B bipotent readout was found in fetal liver progenitors on the clonal level, progenitors with only T/B/GM, T/GM, and B/GM differentiation potential are present (19) . Because of these findings, it has been speculated that clear lymphoid and myeloid lineage segregation does not occur during fetal hematopoietic differentiation. It is unclear whether the differences observed in fetal and adult hematopoiesis are due to different intrinsic mechanisms in fetal and adult progenitors or due to fetal and adult progenitors developing in different microenvironments [fetal liver vs. bone marrow (BM)]. It is also possible that the different models proposed are simply due to the inability at the present time to isolate the adult counterpart of developmental intermediates in the fetal liver and vice versa. The following sections discuss how this central question has been clarified by more recent evidence.
Various hematopoietic and lymphoid progenitors, such as MPPs and CLPs, mobilize from BM and initiate T cell development in the thymus (20) . It seems that MPPs, especially CCR9 + MPPs, are the major population of BM cells that transit to the thymus (21) . CCR9 + MPPs are subpopulation of vascular cell adhesion molecule (VCAM-1) − MPPs, which are categorized in lymphoid primed MPPs (LMPPs) (22, 23) and have the potential to give rise to T, B, and GM cells (23, 24) . Once the hematopoietic progenitors home to the thymus, Bcell development potential but not myeloid potential is immediately shut off by stimulation through Notch (25) (26) (27) . This finding suggests that lymphoid and myeloid lineage segregation does not necessarily occur before loss of B-cell potential. Based on this evidence, a revised myeloid biased hematopoietic differentiation model was proposed (28) .
Further characterization of the MPP population in the bone marrow has provided a higher resolution of the hematopoietic tree and a revision to the previously proposed 'classical' model. These studies have also suggested a more similar differentiation program during fetal and adult hematopoiesis. Heterogeneity of the MPP population defined as Flt3 + KLS has been implicated (12, 14) . Indeed, the Flt3 + Thy-1.1 − KLS population (MPP) can be divided into the three subpopulations based on Flt3 and VCAM-1 expression (Flt3 lo VCAM-1 + , Flt3 hi VCAM-1 + , and Flt3 hi VCAM-1 − ) (23, 24) . Analysis of these three MPP subpopulations indicates the lymphoid and myeloid lineage branching point and a step-wise lineage restriction process toward lymphoid lineage commitment (11 (23, 24) . Although MegE potential may not be completely silenced in the Flt3 hi VCAM-1 − MPP population (29) , the differential potential of the three MPP subpopulations described above suggests that MPPs first lose MegE and then GM potential before establishing lymphoid lineage commitment at the CLP stage.
A more comprehensive analysis of lymphoid priming status of VCAM-1 − MPPs was performed recently with recombination-activating gene 1-green fluorescent protein (RAG1-GFP) reporter mice (30) . The results of this investigation showed that VCAM-1 − MPPs can be further subdivided into RAG1 − and RAG1 + populations (31) . VCAM-1 − RAG1 + cells might be immediately upstream of CLPs, because myeloid potential in VCAM-1 − RAG1 + cells is extremely low both in vitro cultures and in vivo (31) . In contrast, VCAM-1 − RAG1 − cells can form as many GM colonies as VCAM-1 + MPPs, suggesting that suppression of GM potential has been initiated at the VCAM-1 − RAG1 + cell stage but not at the VCAM-1 − RAG1 − cell stage. Notably, the myeloid potential of VCAM-1 − RAG1 − cells in vivo is as low as in VCAM-1 − RAG1 + cells (31) . It seems therefore that lymphoid lineage specification occurs in VCAM-1 − RAG1 − cells under physiological conditions in vivo. An important question is why there is a discrepancy in myeloid potential of VCAM-1 − RAG1 − cells observed in in vitro and in vivo settings. We discuss this issue in later sections.
Regulation of hematopoiesis by cytokines
Since semi-solid medium with agarose and methylcellulose have been applied to the culture of hematopoietic progenitors, extensive efforts have been put into the investigation to clarify the nature and regulatory mechanisms of lineage commitment. It was originally observed that after culture of some cell lines and primary cells in conditioned medium, colonies containing various lineage cells are formed (32) . Notably, certain kinds of conditioned medium were specifically required for colony formation of a given lineage. Based on this observation, lineage-specific colony stimulating factors (CSFs) were inferred to exist. In fact, various colony stimulating factors, such as granulocyte colony stimulating factor (G-CSF) and macrophage colony-stimulating factor (M-CSF) were then cloned from culture supernatants (32) . As predicted, specific types of colonies were obtained in the presence of recombinant CSFs or cytokines. Availability of recombinant cytokines has accelerated our understanding of the lineage commitment scheme of GM and MegE lineages (32, 33) .
In vitro culture of lymphoid progenitors was not as easy as culturing developing myeloid cells. Whitlock and Witte (34) established conditions for BM culture, in which developing B cells can be obtained at high efficiency. A key feature of this system is to establish BM stromal cell layers, on which lymphoid progenitors can differentiate into more mature B cells. Similarly, hematopoietic progenitors in BM preferentially give rise to myeloid cells in the Dexter culture conditions (35) . The reason why the two different culture conditions are preferable for lymphoid and myeloid cells, respectively, is thought to be that different types of BM stromal cells are established under the different conditions. In fact, established BM stromal cell lines have differing abilities to support lymphoid and myeloid cell development (36) . Nishikawa and colleagues (37) found that the lack of interleukin-7 (IL-7) production is a major reason why some stromal cell lines cannot support B-cell development. Through in vivo studies primarily in knockout mice, it is now well known that IL-7 is indispensable for lymphocyte development (38, 39) . Thus, the BM microenvironment, which is composed of stromal cells and other non-hematopoietic cells, is heterogeneous in terms of its ability to support B-cell development.
By adding IL-7 to methylcellulose medium, we can observe B-cell colonies from hematopoietic progenitors (40) . Semi-solid culture allows us to examine differentiation of each progenitor at the clonal level (32) . However, semi-solid medium culture (like other in vitro cultures) is not perfect. Single highly purified HSCs can give rise to all hematopoietic lineage cells in vivo. Although almost all such stem cells have in vivo reconstitution potential (10) , only a portion of these stem cells can form B-cell colonies in vitro (40) . This discrepancy can be explained by multiple ways. One certain fact is that multiple cytokines are necessary for survival and proliferation of HSCs and progenitors, at least in in vitro cultures. Lack of such factors may reduce the plating efficiency of HSCs and early hematopoietic progenitors. Another possibility is that some factors, which are necessary for the maintenance of multi-potent differentiation potential of HSCs in vivo, are absent in vitro. None of the existing in vitro cultures can support the maintenance of HSC activity; the selfrenewal potential of HSCs is lost during culture. It is also possible that HSCs require multiple steps to commit to the lymphoid lineage, whereas myeloid differentiation can occur immediately in HSCs and other downstream progenitors. If so, hematopoietic progenitors can give rise to myeloid cells any moment before progenitors commit to the lymphoid lineage. Some cytokines, such as c-Kit ligand [also called stem cell factor (SCF)], are necessary for maintaining HSC survival. However, at the same time, these cytokines may trigger myeloid differentiation in HSCs. SCF is known to support granulocyte colony formation of bone marrow cells in methylcellulose, although SCF mostly supports survival of HSCs but not differentiation (41, 42) .
The importance of IL-7 in lymphocyte development has been highlighted by the phenotype of IL-7-deficient mice as well as those of mice with deletions of the genes encoding IL-7 receptor subunits, IL-7Rα or common γ chain (γ c ) (43) . Through investigating the expression of IL-7Rα in hematopoietic progenitors, the CLP population was identified. Therefore, IL-7Rα is thought to be a marker that indicates initiation and/or commitment of developing blood cells into the lymphoid lineage. This notion was recently revisited by using genemarking methods in mice with Cre knocked-in to the IL-7Rα gene locus (44) . The majority of the earliest T-cell precursors (ETPs) in the thymus show that they have expressed IL-7R previously, although these ETPs do not express IL-7Rα as previously reported (45) . Therefore, it seems that expression of IL-7Rα in T-cell precursors fluctuates prior to Tlineage commitment. More importantly, in contrast to the conclusion drawn by two groups (26, 27) , lymphoid and myeloid lineage cells are clearly separated by this gene marking method (44) , suggesting that classical lymphoid and myeloid segregation might occur in physiological conditions in vivo. Again, we must carefully interpret the results from any experimental setting. Especially in the field of developmental biology, we should clearly distinguish the differentiation potential of the progenitors and contribution of the cells to commit to certain cell lineages. Further analyses are necessary to draw true fate mapping of various hematopoietic and lymphoid progenitors.
Two different modes of cytokine actions in lineage commitment
CSFs and other lineage-affiliated cytokines preferentially support their cognate lineage cell development in in vitro cultures. Two different modes of cytokine functions, stochastic and instructive actions, in regulation of lineage commitment have been proposed (46) . Several studies with genetically modified mice implied that cytokine functions in lineage commitment (or specification) are stochastic (or supportive) rather than instructive (47) (48) (49) (50) . Although lineage-specific cytokines exist, in many cases lineage specificity is due to the lineage-specific expression of the cytokine receptors, rather than the transduction of unique differentiation signals. For example, while signaling through the thrombopoietin (TPO) receptor is indispensable for megakaryocyte differentiation, replacement of the cytoplasmic region of TPO receptor with that of the G-CSF receptor supports normal megakaryopoiesis and platelet formation (51) . Similarly, swapping of the cytoplasmic domains of G-CSF receptor with that of erythropoietin (EPO) receptor does not preferentially drive erythroid differentiation at the expense of granulopoiesis in mice (49, 52) . These results suggest that different cytokine receptors can deliver the same signals to support the maturation of multiple cell lineages.
A supportive rather than instructive role of cytokine receptor signaling is also illustrated by the studies of CSFs in myeloid cell differentiation. IL-3 (multi-CSF), GM-CSF, M-CSF, and G-CSF can potently stimulate hematopoietic progenitors to induce GM differentiation in vitro. However, animals deficient in GM-CSF do not have major perturbations in hematopoiesis (53) . M-CSF and G-CSF-deficient mice have reduced numbers, but not a complete absence, of circulating monocytes and neutrophils, respectively (54) . Monocytes and neutrophils are still present in the absence of all G-CSF, GM-CSF, and M-CSF (55). These results suggest that CSFs are not involved in providing lineage-specific signals in HSCs or MPPs to promote GM differentiation but rather are involved in the survival and/or expansion of progenitors in vivo at the steady state. These cytokines may be necessary for terminal maturation stages rather than the commitment stage. The role of cytokines in promoting the survival of developing hematopoietic progenitors was further demonstrated when anti-apoptotic factor Bcl-xL was overexpressed in EPO-deficient mice, which was sufficient to rescue erythroid differentiation in the absence of EPO (56) . Similarly, enforced expression of Bcl-2 can relieve the blockade of T-cell maturation in mice deficient with IL-7Rα or γ c , the components of the IL-7 receptor complex (57, 58) .
Though the role of cytokines in survival and proliferation of hematopoietic progenitors is well documented, there are also examples of the involvement of cytokines in lineage specification or differentiation events. Study of the role of IL-7 receptor signaling in B-cell development has revealed its function in the differentiation of this cell lineage. While Bcl-2 overexpression can reverse the T-cell developmental blockade in IL-7Rα-deficient mice as mentioned above, B-cell development is not rescued (58) . IL-7 is also not involved in lymphoid specification or commitment, as IL-7-deficient mice do not have a decreased number of CLPs (59) . Rather, it has been shown that IL-7 receptor signaling can directly regulate immunoglobulin gene rearrangement via signal transducer and activator of transcription 5 (STAT5) at the proB-cell stage, after B-cell lineage commitment (60) . More recently, it has also been shown that IL-7 stimulation is important in maintaining EBF expression, a transcription factor indispensable for B-cell development, in pre-proB cells (59, 61, 62) . This is critical for maintaining B-cell differentiation potential and progression of pre-proB cells to the pro-B-cell stage (59) .
There are also examples of instructive effects of cytokines in determining cell fate decisions in oligopotent hematopoietic progenitors. Stimulation by IL-2 through ectopically expressed IL-2 receptor in CLPs can convert their cell fate from lymphoid to myeloid (3) . Similarly, GM-CSF receptor signaling cannot substitute for signals delivered by IL-7 in IL-7 receptordeficient lymphoid progenitors but rather redirects them to the myeloid cell lineage (63) . More recently, G-CSF has also been shown to upregulate the level of expression of C/EBPα, a transcription factor critical for granulopoiesis, to specify granulocyte cell fate from GM bipotent progenitors (64) . Finally, Rieger et al. (65) demonstrated by using gene-marking methods that M-CSF and G-CSF can instruct common myeloid progenitors to monocytes/ macrophages and granulocytes, respectively, in in vitro cultures. Despite accumulating evidence of instructive action of cytokines in myeloid lineage choice, it remains unclear whether stimulation by extrinsic factors is involved in lymphoid vs. myeloid cell fate determination from MPPs.
Bone marrow stromal cells that form bone marrow microenvironment
BM is present in the medullary cavities of all animal bones. Unlike secondary lymphoid organs such as spleen with distinct gross structures including red and white pulp, BM has no clear structural features, except for the endosteum that contains osteoblasts. The endosteum region comes in contact with calcified hard bones and provides a special microenvironment to HSCs, which is necessary for the maintenance of HSC activity (66, 67) . There is a central BM sinus, and some results suggest that blood cell maturation occurs from the endosteum to central sinus (68) . In fact, HSCs localize at the endosteum in close proximity to osteoblasts (66) . However, similar to the gross structure of BM, antibodies for markers that define various hematopoietic progenitors stain bone marrow in a scattered or homogenous fashion, suggesting that hematopoietic progenitors may not have any specific localization pattern in BM. In accordance with this notion, no specific distribution or colonization pattern of BM stromal cells is observed. It is possible, though, that lack of useful markers for BM stromal cells prevent us from visualizing a heterogeneous structure.
Although there is no distinct structure in BM, we recently divided the BM between the endosteum and central sinus into the outer and inner regions (31) (Fig. 1) . We purified various hematopoietic progenitors and injected them into mice and examined where the cells localized in BM. We found that VCAM-1 − MPPs (or LMPPs) localize more proximal to the central sinus (inner region), whereas GM progenitors (GMPs), which have committed into the myeloid lineage, localize to the proximal region of endosteum (outer region). This finding does not address whether certain extrinsic factors instruct MPPs towards the myeloid lineage or simply play a supportive role, like many other myeloid growth factors (49, 51, 52) . It is possible that extracellular stimuli are necessary for proper myeloid cell development from HSCs, because the MEK/ERK pathway plays an important role in myeloid differentiation, most likely at the onset of myeloid lineage commitment during hematopoiesis (69) . Since lineage conversion of CLPs from the lymphoid to myeloid lineage is possible, we hypothesize that the myeloid developmental program is dominant over the lymphoid differentiation program (3, 69) . Therefore, we propose here that a lack of the stimulation that leads HSCs and MPPs to myeloid lineage might be a prerequisite for lymphoid lineage priming and commitment. In this sense, there must be a microenvironment in the outer region, where no active myeloid differentiation cue is present, which is similar to the inner region.
Heterogeneity of BM stromal cells has been recognized through the use of stromal cell lines that can support formation of hematopoietic co-cultures with a cobble stone appearance, or through the production of B cells from developing blood cells from fetal liver and BM (70, 71) . Different characteristics of stromal cell lines are in part due to production of cytokines or expression of adhesion molecules. For example, as discussed above, a BM stromal cell line, PA6, cannot support B-cell development without exogenous addition of IL-7 into the culture medium (37) . In contrast, another stromal line, ST2, which constitutively produces IL-7, can support B-cell development from mouse BM. This observation indicates that supplement of cytokines can overcome a deficiency of cytokine production by a stromal cell. OP9 is a commonly used BM stromal cell line, which is established from M-CSF-deficient OP/OP mice (72) . OP9 cells are used not only for cocultures with hematopoietic cells but for initiation of blood cell development from ES cells (73) . Furthermore, OP9 cells stably transfected with delta-like ligand 1 or 4 are used in in vitro cultures from hematopoietic progenitors from fetal liver and BM to support T-cell development (74, 75) . Although OP9 cells support B-cell development from HSCs, it is not efficient enough without addition of Flt3 ligand, because Flt3 ligand is necessary for early B-cell development and OP9 cells do not produce Flt3 ligand (76) . Since OP9 cells can effectively support hematopoiesis from HSCs, a search for the molecules that are involved in stromal cell-HSC interaction has been carried out. One such example is mKirre, a mammalian homolog of the gene kirre of Drosophila melanogaster, which encodes a type I membrane protein (77) . If mKirre expression is suppressed by siRNA for mKirre, OP9 cells lose the potential to support hematopoiesis from HSCs. Other established BM stromal cell lines have also been used in co-culture with hematopoietic progenitors. Nonetheless, precise characterization of freshly isolated BM stromal cells has not been done extensively. To clarify the architecture of BM microenvironment, further investigation of BM stromal cells is necessary.
GPCR and interaction of hematopoietic progenitors and BM stromal cells
Guanine-nucleotide-binding proteins (G-proteins) have diverse biological functions. Gproteins are associated with seven transmembrane proteins, which are called G-proteincoupled receptors (GPCRs) (78) . GPCRs are integral membrane proteins that are quite distinct from growth-factor receptors. Growth-factor receptors signal through tyrosine kinases and do not use heterotrimeric G-proteins. However, GPCRs and growth-factor receptors do share several common final pathways of signaling. Nevertheless, GPCRs, especially chemokine receptors, have distinct functions to regulate chemotactic action of cells (79) . This action can determine the localization of cells at the specific sites in the organ. It is well-known that some chemokine/chemokine receptor axis plays a critical role in organization of the secondary structure of spleen and lymph nodes. Although structural features of BM are not clear except in the sternum region, chemokine receptors and/or other GPCRs may play an important role in lymphoid and myeloid lineage decision by MPPs and possibly organization of the secondary structure of BM. This is hypothesized from the fact that localization and differentiation of hematopoietic progenitors can be affected by treatment of G-protein inhibitor, pertussis toxin (PTX) (31), as mentioned below.
VCAM-1 − RAG1 − MPPs have been observed to be specific for the lymphoid lineage in vivo; however, these cells still maintain high GM potential, which is revealed in the presence of myelo-monocytic cytokines in in vitro cultures. This discrepancy is caused by GPCRmediated regulation of VCAM-1 − RAG1 − MPP localization in BM, because PTX-treated VCAM-1 − RAG1 − MPPs regain high myeloid potential in vivo (31) . More importantly, VCAM-1 − MPPs reside in the inner region of bone marrow in femurs, whereas PTX-treated VCAM-1 − RAG1 − MPPs localize at the endosteal and outer regions, where CMPs are present (31) (Fig. 1) . Therefore, it seems that GPCR-mediated signaling might play a critical role in lymphoid and myeloid lineage decision by MPPs in the physiological condition at the steady state.
Plt mice, which lack CCL19/21 production, have a disorganized structure of the secondary lymphoid organs (80) , suggesting that CCL21/21 play a crucial role in the secondary structure of lymph nodes and spleens. However, no obvious difference in hematopoiesis and lymphopoiesis is observed in Plt mice. Therefore, different chemokines or ligands for GPCRs other than CCL19/21 should be required for the regulation of the myeloid and lymphoid lineage decision by MPPs. CXCL12 (or SDF1) is a chemokine which is necessary for retention of HSCs in BM. SDF1 also plays an important role in B lymphopoiesis, because the mice that lack SDF1 or its receptor, CXCR4, have severely reduced B-cell numbers (81) . Early developing B cells, such as pre-proB cells (or CLP2) are associated with the stromal cells that produce SDF1 (82) , suggesting that the SDF1/CXCR4 axis regulates localization of pre-proB cells into the specific BM microenvironment. More mature proB cells, however, are in contact with IL-7-producing BM stromal cells (82) . Since these IL-7 + reticular cells do not express SDF1, chemokine receptors other than CXCR4 or GPCRs on proB cells are assumed to be involved in the progression of proB cells to IL-7 + reticular cells. Further investigation is necessary to fully understand the function of GPCR in hemato/lymphopoiesis in BM.
Change of microenvironment and rapid supply of myeloid cells
Investigation of hematopoiesis and lymphopoiesis in vivo has been focused mostly on the steady state where homeostasis of blood cells is maintained. However, neutrophilia occurs rapidly upon inflammation caused by various mechanisms such as microbe infection (83) . This is caused by dominant myeloid cell development with suppression of lymphocyte development and is known as emergency granulopoiesis (84) . Although neutrophil counts in the blood are routinely monitored in clinics as indicators of bacterial infection, the precise mechanisms of emergency granulopoiesis have not been clarified. Components of microbes are recognized by various pattern recognition receptors, such as Toll-like receptors (TLRs). Stimulation through TLRs can direct HSCs and MPPs toward dendritic cells and result in reduction of B-cell progenitor pool (85) . CSF types of cytokines also play an important role in the expansion of myeloid cells after infection, because lack of G-CSF function leads to insufficient clearance of Listeria monocytogenes (86) .
Production of various cytokines, especially inflammatory cytokines, is triggered upon inflammation (87) . Hematopoiesis is largely affected by these inflammatory cytokines. Among them, tumor necrosis factor α (TNFα) seems to play a central role in the shift of BM hematopoiesis to myeloid lineage differentiation rather than lymphopoiesis. TNFα may directly or indirectly suppress expansion of developing B cells (88) . More importantly, increase of TNFα inhibits SDF1 production from BM stromal cells (89) , suggesting that TNFα might change the bone marrow microenvironment. As mentioned above, SDF1/ CXCR4 is critical for B-cell development in BM. A reduced amount of SDF1 in BM cannot retain developing B cells in BM, resulting in mobilization of developing B cells in the periphery. Empty space allows expansion of developing myeloid lineage cells. Notably, GM cell numbers are clearly increased, whereas erythroid cell numbers are not significantly different in the presence and absence of exogenous TNFα (90) , suggesting that the same BM microenvironment can support both GM and lymphocyte development. Only minimal effects are observed in granulopoiesis in the presence of exogenous TNFα (90); therefore, other inflammatory cytokines must be involved in emergency granulopoiesis. Administration of IL-1, which has been suggested to play a role in granulopoiesis, increases the granulocyte numbers but does not affect B-cell development in BM. Importantly, coinjection of TNFα and IL-1 recaptures the change of hematopoiesis induced by inflammation, at least adjuvant-induced inflammation (90) . Therefore, the synergistic effect of TNFα and IL-1 might be a key to enhance granulopoiesis and inhibit B lymphopoiesis in BM upon inflammation. Since blood levels of TNFα and IL-1 are significantly increased during inflammation, the effects of these factors are systemic. As is the case of SDF1, gene expression patterns of BM stromal cells have been influenced by these inflammatory cytokines. Accordingly, more precise analyses of BM microenvironment and direct/indirect effects of cytokines to hematopoietic cells are necessary for complete understanding of bone marrow microenvironment.
Concluding remarks
The development of in vitro culture systems of hematopoietic and lymphoid progenitors has enabled us to examine the molecular mechanisms of cell proliferation, differentiation, and cell survival supported mainly by cytokines and adhesion molecules. The mode of cytokine functions in hematopoiesis has also been proposed and discussed extensively. However, in vitro approaches may not be ideal, because a culture system is more or less artificial. Therefore, in vivo approaches with the techniques of BM transplantation or adoptive transfer of cells are more physiological. However, after total body irradiation to make 'space' in BM before injection of hematopoietic progenitors, massive systemic inflammation is observed. Therefore, some data obtained using this experimental system may not be readily integrated into to the hematopoietic tree at the steady state, even if the data were obtained in an in vivo setting. Effects of the BM microenvironment in lymphoid and myeloid specification/ commitment during the steady state and in specialized conditions, such as inflammation, are not new concepts, but they have yet to be extensively investigated by researchers in the field of hematology and immunology. We have tried to better understand the molecular regulation of lineage commitment at the cellular and molecular levels, mainly focusing on hematopoietic progenitors. To this end, it may be time to consider the influence of extracellular factors on the lineage choice by MPPs. In addition of course, we need to clarify key transcription or nuclear factors that may play a role in specification and/or commitment to the lymphoid and myeloid lineages. Fluorescence-activated cell sorting (FACS) has become an indispensable tool for analyzing hematopoietic cell populations. However, another technical breakthrough may be necessary to provide us with new insight into this field. We believe these advances are coming soon. This figure is based on the gross structure of bone marrow described in Nilsson et al. (67) and experimental results shown in Lai et al. (31) . PTX-sensitive GPCR-dependent movement of MPPs from the outer to inner region is necessary for proper lymphocyte development.
